Abstract--We present results and analysis investigating the effects of radiation on a variety of candidate spacecraft electronics to proton and heavy ion induced single event effects (SEE), proton-induced displacement damage (DD), and total ionizing dose (TID). This paper is a summary of test results.
A. Test Facilities
All tests were performed between February 2013 and February 2014. Heavy ion experiments were conducted at the Lawrence Berkeley National Laboratory (LBNL) [2] and at the Texas A&M University Cyclotron (TAMU) [3] . Both of these facilities are suitable for providing a variety of ions over a range of energies for testing. The devices under test (DUTs) were irradiated with heavy ions having linear energy transfers (LETs) ranging from 0.6 to 120 MeV•cm 2 /mg. Fluxes ranged from 1x10 2 to 1x10 5 particles/cm 2 /s, depending on device sensitivity. Table 1 shows representative ions used at LBNL and Table 2 contains representative ions used at TAMU. LETs in addition to the values listed were obtained by changing the angle of incidence of the ion beam with respect to the DUT, thus changing the path length of the ion through the DUT and the "effective LET" of the ion [4] . Energies and LETs available varied slightly from one test date to another.
Laser SEE tests were performed at the pulsed laser facility at the Naval Research Laboratory (NRL) using two-photon absorption [5] , [6] with the light incident from the back side of the wafer following polishing to produce a mirror-like finish. The laser light parameters are listed in Table III. Proton SEE, DD and TID tests were performed at the University of California at Davis (UCD) Crocker Nuclear Laboratory (CNL) using a 76" cyclotron (maximum energy of 63 MeV) [7] . Pulse width and beam spot size are listed in Table IV. TID testing was performed using a 60 Co source. The source is capable of delivering dose rates between 0.0005 rad(Si)/sec and 50 rad(Si)/sec. 
B. Test Method
Unless otherwise noted: All tests were performed at room temperature and with nominal power supply voltages. We recognize that temperature effects and worst-case power supply conditions are recommended for device qualification; SEE testing was performed in accordance with JESD57 test procedures [8] ; and TID testing was performed in accordance with MIL-STD-883, Test Method 1019 [9] .
1) SEE Testing -Heavy Ion:
Depending on the DUT and the test objectives, one or more of three SEE test methods were typically used:
Dynamic -the DUT was exercised continually while being exposed to the beam. The events and/or bit errors were counted, generally by comparing the DUT output to an unirradiated reference device or other expected output (Golden chip or virtual Golden chip methods) [10] . In some cases, the effects of clock speed or device operating modes were investigated. Results of such tests should be applied with caution due to the application-specific nature of the results.
Static -the DUT was configured prior to irradiation; data were retrieved and errors were counted after irradiation.
Biased -the DUT was biased and clocked while power consumption was monitored for SEL or other destructive effects. In most SEL tests, functionality was also monitored.
In SEE experiments, DUTs were monitored for soft errors, such as SEUs, and for hard errors, such as SEGR. Detailed descriptions of the types of errors observed are noted in the individual test reports [11] , [12] .
SET testing was performed using high-speed oscilloscopes controlled via LabVIEW®. Individual criteria for SETs are specific to the device and application being tested. Please see the individual test reports for details [11] , [12] .
Heavy ion SEE sensitivity experiments include measurement of the linear energy transfer threshold (LET th ) and cross section at the maximum measured LET. The LET th is defined as the maximum LET value at which no effect was observed at an effective fluence of 1×10 7 particles/cm 2 . In the case where events are observed at the smallest LET tested, LET th will either be reported as less than the lowest measured LET or determined approximately as the LET th parameter from a Weibull fit. In the case of SEGR experiments, measurements are made of the SEGR threshold V ds (drain-tosource voltage) as a function of LET and ion energy at a fixed V gs (gate-to-source voltage).
2) SEE Testing -Proton
Proton SEE tests were performed in a manner similar to heavy ion exposures. However, because protons cause SEE via indirect ionization of recoil particles, results are parameterized in terms of proton energy rather than LET. Because such proton-induced nuclear interactions are rare, proton tests also feature higher cumulative fluences and particle flux rates than heavy ion experiments.
3) SEE Testing -Pulsed Laser
DUTs are mounted on an X-Y-Z stage that can move in steps of 0.1 microns for accurate determination of the volumes sensitive to single event effects. The light is incident from the back side, which is polished to a mirror-like finish, and is focused through the substrate using a 100x lens that produces a spot diameter of approximately 1.3 μm at fullwidth half-maximum (FWHM). An illuminator, together with an infrared camera and monitor, were used to image the area of interest thereby facilitating accurate positioning of the device in the beam. The pulse energy was varied in a continuous manner using a polarizer/half-waveplate combination and the energy was monitored by splitting off a portion of the beam and directing it at a calibrated energy meter.
4) TID Testing -
60 Co The test procedures, including the radiation dosimetry details, are most often performed in accordance with the latest version of MIL-STD-883 Test Method 1019 [9] . Unless otherwise noted, the irradiation was performed using a room in-air 60 Co facility where the sources are raised up out of the floor during exposures. Active dosimetry was performed using air ionization probes. The DUTs were placed inside a standard Pb/Al filter box.
5) Displacement Damage -Proton Testing
Proton-induced displacement damage tests were performed on biased devices. Functionality and parametric changes were measured either continually during irradiation (in-situ) or after step irradiations (for example: every 10 krad(Si), or every 1x10 10 protons/cm 2 ).
III. TEST RESULTS OVERVIEW
Principal investigators are listed in Table V [11] .
A. Aeroflex ACT4468 Transceiver SEE Test Results
The ACT4468 is a dual transceiver manufactured by Aeroflex Plainview. We irradiated three devices with 15 MeV/amu heavy ions at TAMU. The devices were biased with V cc = 5 V. The input signal was a square wave, with V IL of 0.4 V and V IH of 2.7 V, a frequency of 200 kHz, and a duty cycle of 50%. Fig. 1 shows SET cross sections as a function of effective LET for the different trigger conditions. Here, TX is the transceiver output and RX is the receiver output. We applied a pulse width trigger of 200 ns at the 0 V threshold. The error bars indicate the Poisson error at 95% confidence level. The error bars are not visible in cases where the data points are graphically larger than the error.
The receiver (RX) configuration was most susceptible to SETs, with an 2.8 < LET th < 4.0 MeV•cm 2 /mg, for an oscilloscope trigger set at 1 V. The SETs are typically high to low or low to high signal distortions that affect half a clock cycle as shown in Fig. 2 . Here, the oscilloscope is triggering on the transceiver output. Refer to the test report for additional details [13] . 
B. Analog Devices AD648 Operational Amplifier TID Test Results
The AD648 is a matched pair of low power, precision monolithic operational amplifiers that offers both low bias current and low quiescent current. Twenty parts (LDC 1225) were irradiated at a rate of 10 mrad(Si)/s with gamma rays at GSFC's Radiation Effects Facility to a final dose of 100 krad(Si). Ten of the samples were irradiated with all pins grounded (unbiased), while the other ten were biased with ±15 V on the power supply rails, +5 V on the non-inverting inputs, and the inverting input shorted to the output with a 1 kΩ resistor to ground. An additional two parts were not irradiated, and served as control parts.
For all parameters measured, the greatest amount of degradation was observed in the parts irradiated with all pins grounded. All parameters remained within specification to 20 krad(Si), but the input bias current and open loop gain exceeded their specifications (20 pA and 300 mV/V, respectively) between 20 and 30 krad(Si). Fig. 3 shows the input bias current as a function of dose. Likewise, Fig. 4 shows the open loop gain as a function of dose. During the slew rate measurements, a large amount of ringing began appearing when the output was switching from low to high in the unbiased parts between the 30 krad(Si) and 40 krad(Si) dose points. The output of one of unbiased amplifiers in the slew rate test circuit can be seen in Fig. 5 . At each dose step after 40 krad(Si), the ringing continued to worsen in the unbiased parts, and the biased parts also began to show the same characteristics. At 80 krad(Si), the ringing became rail-to-rail, never attenuated, and the slew rate was impossible to measure. After 100 krad(Si), several of the irradiated parts from the unbiased group were tested in the engineering boards, but they were nonfunctioning. Fig. 6 shows an oscilloscope capture of the output of one of the unbiased samples with no resistive load on the output, while Fig. 7 shows the same thing but with a 10 kΩ load on the output. . Oscilloscope display when measuring the slew rate of one of the unbiased AD648s with no load connected to the output at the 100 krad(Si) dose step. Fig. 7 . Oscilloscope display when measuring the slew rate of one of the unbiased AD648s with a 10 kΩ resistor connected to the output at the 100 krad(Si) dose step. 
Anneal
Open symbols are anneal data points
These parts should be used with caution in environments that expect to see total doses higher than 30 or 40 krad(Si). Lot-specific testing is recommended in those situations.
C. Analog Devices OP497 Operational Amplifier TID Test Results
The OP497 is a precision picoampere input current quad operational amplifier (op amp). Three devices in an application-specific bias condition were irradiated at a rate of 10 mrad(Si)/s with a 60 Co gamma ray source. All parameters remained within specifications up to 4.5 krad(Si) after which input offset current on one device exceeded specifications (150 pA) at the 7 krad(Si) reading. Fig. 8 shows the degradation due to exposure with the specification represented by a dashed line. Provided that the electrical design can sustain operation with this level of degradation, the part can be deemed usable in the application after low dose irradiation to 20 krad(Si). 
